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Abstract
The discovery of skyrmions has sparked tremendous interests about topologically nontrivial spin textures
in recent times. The signature of noncoplanar nature of magnetic moments can be observed as topological
Hall effect (THE) in electrical measurement. Realization of such nontrivial spin textures in new materials
and through new routes is an ongoing endeavour due to their huge potential for future ultra-dense low-
power memory applications. In this work, we report oxygen vacancy (OV) induced THE and anomalous
Hall effect (AHE) in a 5d0 system KTaO3. The observation of weak antilocalization behavior and THE in
the same temperature range strongly implies the crucial role of spin-orbit coupling (SOC) behind the origin
of THE. Ab initio calculations reveal the formation of the magnetic moment on Ta atoms around the OV
and Rashba-type spin texturing of conduction electrons. In the presence of Rashba SOC, the local moments
around vacancy can form bound magnetic polarons (BMP) with noncollinear spin texture, resulting THE.
Scaling analysis between transverse and longitudinal resistance establishes skew scattering driven AHE in
present case. Our study opens a route to realize topological phenomena through defect engineering.
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A current-carrying ferromagnetic conductor placed in a perpendicular magnetic field exhibits
AHE [1]. The additional Hall voltage is empirically proportional to the magnetization of the sam-
ple, leading to non-zero Hall voltage even when the magnetic field is reduced to zero. While,
the mechanism of AHE is highly debated, various proposed mechanisms can be broadly classified
into intrinsic (Berry curvature in momentum space) or extrinsic (skew or side jump scattering)
types [1]. Materials with chiral spin texture having characteristic non-zero scalar spin chirality
[χijk = Si.(Sj × Sk) where Si,j,k denote localized magnetic moments] experience additional fic-
titious magnetic field due to the real space Berry phase. This leads to the observation of THE in
various systems including helimagnet [2, 3], noncollinear antiferromagnet [4], frustrated triangu-
lar lattice [5], magnetic topological insulator [6] etc. Since Dzyaloshinskii-Moriya interaction (the
key ingredient for stabilizing noncoplanar spin texture) can be introduced by a combined effect
of broken inversion symmetry and SOC, THE has been also engineered in various artificial struc-
tures including oxide heterostructures [7–11], heterostructure composed of a magnetic insulator
and metal [12], magnetic multilayers [13] etc. Interestingly, the recent report of THE above the
ferromagnetic Tc of SrRuO3 and V doped Sb2Te3 thin films implies that the presence of non-zero
χijk even in a short-range length scale can also generate THE [11].
Ever since it’s discovery, the observation of THE has been unintentionally restricted to only
those materials which possess localized magnetic moments. Interestingly, magnetic moments can
be introduced in a nonmagnetic system like SrTiO3 through OV creation [15–19]. Owing to the
presence of Rashba-type SOC [20], the nature of spin arrangements near the surface region can
be significantly different compared to that of the bulk, and can lead to emergent phenomena. Due
to the possibility of achieving new set of electronic, magnetic and topological phases as a result
of strong intrinsic SOC, electron doping in an analogous 5d0 compound KTaO3 (KTO)- based
systems are being investigated in recent years [21–24]. Bulk KTO is a nonmagnetic band insula-
tor with cubic structure and becomes metallic and superconducting upon electron doping [3, 25].
Interestingly, unconventional spin-orbital texture/Rashba type spin texture of conduction electrons
have been also claimed in STO and KTO based systems [27–30]. Presence of such conduction
electrons with strong SOC can lead to the formation of noncollinear BMP of defect-induced local-
ized magnetic moments [31, 32], which would result THE. In spite of such exciting possibility, to
date there is no report of either non-trivial spin texturing of local moments or THE in such cases.
In this work, we report about the magnetotransport behavior of oxygen deficient KTO. We
found that the longitudinal resistance (Rxx) of such metallic KTaO3−δ not only exhibits Shubnikov-
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de Haas (SdH) oscillation due to high mobility, but also shows weak antilocalization (WAL) be-
havior. Moreover, the transverse resistance (Rxy) demonstrates signature of both AHE and THE.
Interestingly, THE vanishes around 35 K where WAL also becomes insignificant, clearly demon-
strating strong interconnection between SOC and observed THE in present case. Scaling analy-
sis further demonstrates skew scattering mechanism as the origin of observed AHE. Presence of
Rashba type spin texturing of conduction electrons is further demonstrated by ab initio calcula-
tions, strongly suggesting the existence of defect induced noncollinear BMPs behind the observed
THE in present case.
OVs in pristine single crystalline KTO have been incorporated by thermal annealing within
an evacuated sealed quartz tube (see experimental section and Figure S1, Supporting Informa-
tion). As evident from Figure 1a, creation of OVs turns pristine insulating KTO into a metal
(throughout this article we have presented results of this sample, referred to as Sample A. Sup-
porting Information contains similar set of data and analysis for another Sample B). Perpendicular
magnetoresistance MR (B) (=Rxx(B)−Rxx(B=0)
Rxx(B=0)
×100%, B is external magnetic field) exhibits SdH
oscillations (Figure 1b) for magnetic field B ≥ 5 T and T ≤ 8 K over a background of positive
MR. The background contribution has been modeled by a 2nd order polynomial (linear term arises
due to presence of inhomogeneities [34] and B2 term corresponds to classical Lorentz force).
SdH oscillations are very prominent after the background subtraction (Figure 1c). Further anal-
ysis (Section B, Supporting Information) of SdH oscillations provides a carrier concentration of
nv=5.7× 1017cm−3 and an effective mass of m?=(0.56±0.02)me (me is the bare electron mass).
Using the carrier density obtained from Hall measurements and SdH oscillations, the thickness of
electron gas is estimated to be several microns. This implies the present system is 3-dimensional
in nature [3, 6].
At 10 K, MR deviates from a combination of linearB andB2 terms below 6 T, which resembles
WAL behavior (Figure 1d). This WAL is further prominent in Figure 1e, where we have plotted
the additional component of MR (∆MR) after subtracting linear B and B2 dependent terms. The
WAL behavior persists upto 35 K. Additionally, a cusp like feature appears systematically near
B=0 and becomes very prominent at 50 K. This behavior can be accounted by scattering of con-
duction electron with the localized magnetic moments (also see fitting by Khosla-Fisher equation
in Figure 1e [33]. In order to further analyze the WAL behavior, we have also plotted the sheet
conductance difference (∆σ (B)=σ(B)-σ(0) where σ=1/RS) in Figure 1f. Since KTO is known
to host strong Rashba SOC [21], these WAL features have been analyzed in-terms of ILP (Iordan-
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ΔFIG. 1. SdH oscillations and weak antilocalization. a) Temperature dependence of sheet resistance RS of
KTO with OV, showing metallic behavior. b) Symmetrized MR from 2 to 8 K (see Figure S3, Supporting
Information for systematic evolution of MR from 2 to 300 K). Magnetic field was applied along [001] crys-
tallographic axis. c) Amplitude of SdH oscillations ∆RSdH, obtained by subtracting 2nd order polynomial
from raw data, at different temperatures. d) MR at 10 K. To isolate contribution from WAL, high field
MR was fitted with 2nd order polynomial. e) Extracted ∆MR at different fixed temperatures. We could
not isolate WAL below 10 K due to presence of SdH oscillations at high field. ∆MR at 50 K has been
fitted with the modified Khosla-Fisher equation [33] given by MR= -a2ln(1+b2B2) where a and b are fitting
parameters. f) Extracted sheet conductance difference ∆σ (B) in units of e2/pih for different T , -e is the
electrons charge and h is the Planck’s constant. Solid curve shows the fitting of WAL by ILP theory without
considering linear Rashba term.
skii, Lyanda-Geller, and Pikus) theory, which includes linear and cubic Rashba term to describe
WAL [36]. However, better fits were obtained by retaining only cubic Rashba term similar to
previous report on KTO [21] and STO [37] based two-dimensional electron gas. In the absence of
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linear Rashba term, the correction in σ is given by
∆σ(B) = N
e2
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(1)
where Ψ is the digamma function, Bφ= ~4el2φ (lφ is the phase coherence length), BSO=
~
4el2SO
(lSO is
the spin-precession length) and N is a scaling factor. As shown in Figure 1f, ILP theory gives an
excellent fit to our extracted data, strongly implying dominant role of Rashba SOC in the magneto-
transport behavior of oxygen deficient KTO below 35 K. We obtain lSO ≈ 10 nm and lφ ≈ 16 nm
from the fitting. The value of lSO is in good agreement with previous literature [21] whereas lφ
is one order of magnitude less. Since WAL is physically meaningful only when the thickness of
the sample is less than lφ [38], we infer that WAL features emerge only from few nm layers near
the surface though the OV induced conducting region is extended deep (micron scale) inside the
substrate.
Since OVs act as electron donor, the metallic behavior in present case should be n-type, which
is confirmed by the variation of Hall resistance Rxy as a function of B (Figure 2a). However,
unlike to the expected field independent behavior of dRxy
dB
(∝ 1
ne
, n is carrier concentration) for a
simple one-band metal, it shows strong non-linearity in the derivative in the form of a dip at low
field (Figure 2b), strongly suggesting presence of additional effects in the oxygen deficient KTO
sample. With increase in T , the non-linearity spreads at even higher field. Such non-linearity
of Rxy has been observed before for many systems including complex oxide interfaces and has
been widely attributed to the either multiband transport or the presence of AHE [7, 40, 41]. We
could not capture this non-linearity in present case using a two-band model (Figure S4, Supporting
Information). Furthermore, at high B, dRxy
dB
becomes field-independent and has similar value at
all temperatures (Figure S5, Supporting Information), strongly implying that it is effectively one
band transport. We also note that no hysteresis was observed in both MR and Hall measurement.
In presence of AHE and THE, one can write the total Hall resistance Rxy as
Rxy(B) = R
OHE
xy (B) +R
extra
xy (B) (2)
where ROHExy corresponds to the contribution from ordinary Hall effect and R
extra
xy (B) represents
the contribution from AHE and THE. To estimate ROHExy , slope of Rxy (slope was extracted by
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FIG. 2. Non-linearity in Hall resistance Rxy and Rextraxy extraction. a) Magnetic field dependent anti-
symmetrized Hall resistance Rxy measured at different temperatures. b) Derivative of Rxy w.r.t applied
magnetic field, all data have been shifted vertically for visual clarity. c)Rextraxy as a function of magnetic field
B at various temperatures from 2 to 55 K. The anomaly at high field at 2 K is due to presence of oscillations
in dRxydB . OHE can not be subtracted for T above 55 K as
dRxy
dB does not become field independent even at
high fields.
linear fitting of Rxy in the field range where derivative of Rxy becomes constant) was multiplied
with the applied magnetic field. This contribution was then subtracted from Rxy to obtain Rextraxy .
One such set of extracted Rextraxy (B) are shown in the Figure 2c. This extra component of Rxy for
T > 35 K is a signature of pure AHE [40, 41]. Most importantly, an additional hump-like feature
appears below 35 K, which establishes the presence of THE [11]. Interestingly, AHE component
of Rxy (RAHExy ) also changes it’s sign around 18 K. Similar sign change has been also observed in
SrRuO3 [11].
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FIG. 3. Extraction of topological Hall resistanceRTHExy . a) Fitting ofR
extra
xy at 22 K with a Brillouin function
for estimation of RAHExy . b) Extracted R
THE
xy as a function of magnetic field B at various temperature from 2
to 40 K. There is anomaly in RTHExy at high field at 2 K due to presence of oscillations in R
extra
xy (see Figure
2b). c) Color map of RTHExy in the B-T plane.
To extract the temperature evolution of the topological Hall resistance RTHExy , we have further
subtracted AHE contribution at each temperature from Rextraxy (B). Since AHE is proportional to
magnetization of the sample, we have simulated the contribution of RAHExy at each temperature
by Brillouin function (see Section G, Supporting Information) which describes the magnetization
of a quantum paramagnetic gas at finite temperature in an external magnetic field (Figure 3a).
Figure 3b shows the extracted RTHExy from 2 K to 40 K. As clearly evident, there is a systematic
evolution of hump-like feature from 2 to 40 K. This is the signature of THE and occurs in ma-
terials with topologically protected noncoplanar spin texture like skyrmions [2]. Such THE-like
features can also emerge from either two-channel AHE [42–47] in ferromagnetic metal or from
multiple Weyl nodes in itinerant antiferromagnets [10]. However, we rule out such possibilities in
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the present case, as oxygen-deficient KTO is a paramagnetic system. Furthermore, extracted RTHExy
of oxygen-deficient KTO shows all characteristics features of THE, reported recently in paramag-
netic phase of SrRuO3 and V doped Sb2Te3 [11]: RTHExy is zero at B=0 and linear with B at low
field region (Figure 3b-c). THE also decays as 1/B2 in high field region (Figure S8, Supporting
Information). Such dependency on magnetic field can be successfully accounted by thermal fluc-
tuations of scalar spin chirality in two dimension [11]. The microscopic origin of noncoplanar
spin arrangement in our oxygen deficient KTO samples will be discussed later in the text. We also
note that THE is absent above 35 K, where WAL effect also vanishes. This observation implies
that implies that the THE is contributed by only few (≤ 16 nm ) nanometers layers from the top
surface. This thickness is similar to the reported length scale for Rashba SOC-driven spin texture
in 2D electron gas at the STO (111) surface [27]. The magnitude of THE in our oxygen deficient
KTO sample is also comparable with other systems from literature (see Table S1, Supporting In-
formation). We have also checked our results by simulating RAHExy with Langevin function which
describes magnetization of a classical paramagnetic gas in an external field, and the conclusions
remain the same (Figure S7, Supporting Information).
The underlying mechanism of AHE is very often discussed in terms of scaling of saturation
value of RAHExy (R
AHE
sat ) with longitudinal resistance where R
AHE
sat is proportional to some algebraic
power of Rxx (RAHEsat ∝ Rxxn). Here n can be integer or fraction and different values of n corre-
sponds to different scattering mechanism [1]. To examine this, we plot the variation of RAHEsat with
Rxx in Figure 4a. As clearly evident, RAHEsat scales linearly with Rxx, which establishes that AHE
in our samples is dictated by skew scattering. Most importantly, we find that Brillouin function
describes the field dependence of normalized AHE RAHExy /R
AHE
sat for all temperatures very well (see
inset of Figure 4a and Figure S10a, Supporting Information). Local moment extracted from this
fitting is found to be greater than 15 µB (see Figure S10b, Supporting Information). Similar value
has also been obtained for the AHE of MgZnO/ZnO heterostructures [48] and ultra-thin films of
SrRuO3 [11].
The presence of local magnetic moments within our samples is essential for the manifestation
of AHE and THE. To understand the origin of local moment in oxygen deficient KTO, we have
performed electronic structure calculations by removing one O atom from a 2× 2× 2 supercell.
The total energy of the non-collinear configuration of the moments around the defect is lower
by 54 meV/vacancy than a collinear one. The magnitude of the total magnetic moment is found
to be 1.12 µB/vacancy. Out of the two electrons donated by the OV, one electron is doped to
8
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FIG. 4. Origin of THE and AHE. a) Scaling of RAHEsat with Rxx for both samples A and B. For this scaling
analysis, we have focused in the temperature range where only AHE is present, error bar has been assigned
to uncertainty in the RAHEsat upon multiple measurements on the same sample. As evident, there is clear
linear dependence which is a signature of skew scattering. Inset shows the fitting of normalized anomalous
Hall resistance RAHExy /R
AHE
sat with Brillouin function at 40 K. b) Band structure of oxygen deficient KTO
(KTaO2.875) for a supercell of size 2 × 2 × 2 with a single OV. The inset shows the isosurface plot of
squared wave function of the defect band. c) Momentum space spin texture for 2× 2× 2 supercell with
single OV. The spins are projected into the x-z plan. For the details about the calculations of these band
resolved spin polarization vectors, we refer to the study by Altmeyer et al. [29]. We have chosen vector scale
of 10 to show this spin texture. d) Schematics of BMP with non collinear magnetic moments. Removal of
oxygen leads to formation of localized moments on surrounding Ta atom. Moments inside a BMP become
non collinear in presence of Rashba type SOC [32].
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the conduction band and the remaining electron results a completely occupied band (Figure 4b),
as also found for STO [18]. The charge density of this fully occupied band at Γ point (inset of
Figure 4b) is highly localized around the OV, demonstrating that this band indeed arises from
the defect. Not surprisingly, the defect band is composed mainly of Ta 5d states from the Ta atom
neighbouring the vacancy. This is further evident from the plot of total density of states (DOS) and
the projected d DOS of the Ta atoms situated away from the vacancy and the Ta atoms adjacent to
the vacancy (Figure S11, Supporting Information). In order to investigate the non-collinear nature
of the spins near EF , we have calculated the band resolved spin polarization vectors for the system
containing OV. Figure 4c shows the spin polarization vector for each of the bands crossing EF
projected into the x − z plane. The strong dependence of the spin polarization vector direction
on (kx, kz) signifies the presence of Rashba-type SOC for the conduction electrons [29], further
supporting our findings from the fitting of WAL.
In order to explain the origin of THE and AHE in oxygen deficient KTO sample, we propose
the following mechanism. Clustering of OVs is very likely, which would result localized mo-
ment on several Ta atoms around OVs. As well-known in the context of dilute magnetic oxides,
local moments around a defect can form bound magnetic polaron with large effective magnetic
moment [31]. Moreover, the presence of conduction electrons with strong Rashba SOC (which
is evident from WAL behavior and DFT calculations in present case) would further result non
collinear BMP, as proposed recently by Denisov and Averkiev [32]. Such non collinearity within
a BMP would give rise to non-zero scalar spin chirality, leading to the observation of THE (Fig-
ure 4d). With the increase of B, all individual moments within a BMP will align along the di-
rection of field, resulting zero THE for high B. As inferred from the WAL fitting, the effect of
SOC becomes insignificant above 35 K, which destroys the noncollinearity within a BMP. The
asymmetric scattering of conduction electrons from such collinear BMP can account for the ob-
served skew scattering driven AHE above 35 K (Figure S12, Supporting Information) and the large
moment obtained from the fitting of normalized AHE (inset of Figure 4a).
In summary, we have demonstrated emergent THE in KTaO3 through oxygen vacancy creation.
The observation of WAL and THE in similar temperature range strongly implies definite role of
Rashba type SOC behind the origin of THE. OVs induced magnetic moments act like asymmetric
scattering centres in absence of Rashba type SOC, leading to the observation of sole AHE above 35
K. Our present work demonstrates that defect engineering of a nonmagnetic, insulating system can
result a metallic phase with nontrivial spin textures, which can be further explored for topological
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spintronics [50].
EXPERIMENTAL SECTION
OVs in pristine KTO single crystal (dimension 5 mm×5 mm×0.5 mm) have been incorpo-
rated by thermal annealing in presence of titanium wire within an evacuated sealed quartz tube by
heating at 900◦ C for 24 hours (see Supporting Information). Two samples were prepared with
different vacuum level: ∼ 5 × 10−6 bar (sample A) and 10−3 (sample B). All electrical transport
measurements were carried out in four-probe Van der Pauw geometry using a Quantum Design
physical property measurement system. Ohmic contacts were made using ultrasonic bonding of
aluminium wire as well as using gold wire with conductive silver paste and the results were same.
For magnetoresistance (MR) and Hall measurements at fixed temperature, magnetic field was var-
ied between ±13 T. All MR vs. B data have been plotted in main text after symmetrization with
respect to B Similarly, all Rxy vs. B data have been plotted after antisymmetrization.
SUPPORTING INFORMATION
Supporting Information is available.
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A. Sample preparation and confirmation of oxygen vacancy:
To create oxygen vacancy (OV) in KTaO3 (KTO), as received pristine KTO (001) substrate
from Princeton Scientific Corp. was sealed in a quartz tube (Figure S1a) along with Ti wire under
vacuum. This setup was then heated at 900 ◦C for 24 hours. In this work, we are reporting data on
two representative samples namely sample A and sample B. Same heating protocal was followed
for both the samples, while only difference being the vacuum during sealing. The vacuum during
sealing for sample A was ∼ 5× 10−6 bar and ∼ 10−3 bar for sample B.
FIG. S1. a. Quartz tube sealing arrangement (Ti wire has been shown in the left side and KTO single
crystal has been shown in the right). b. RHEED pattern of oxygen deficient KTO. c. Crystal marked by
number 1 in red color is the image of as received transparent substrate, sample marked by number 2 is the
image after oxygen vacancy creation (crystal turns slight slaty gray). Upon heating oxygen deficient KTO
in high pure oxygen, it becomes transparent similar to pristine KTO (see crystal marked by number 3).
This method of creating OV is superior than argon ion bombardment (AIB) as AIB destroys the
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sample and makes it amorphous [1]. Crystallinity of our sample was confirmed by Reflection High
Energy Electron Diffraction (RHEED). Figure S1b shows the RHEED image of oxygen deficient
KTO, intense specular and off specular spots confirm that the KTO still remains crystalline even
after OVs.
To testify that the metallic beahavior is related to OV, we have also heated one oxygen deficient
KTO sample in high pure oxygen for 24 hours. The oxygen deficient KTO sample becomes
transparent similar to pristine KTO after oxidation (Figure S1c). Also, the resistance of oxygen
deficient KTO becomes immeasurable after oxidation, which confirms oxygen vacancy induced
metallicity in our samples.
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B. Extraction of effective mass from SdH oscillations:
FIG. S2. a. Extracted SdH amplitude for sample B obtained by subtracting 2nd order polynomial from
Rxx. b. Fitting of temperature dependent scaled oscillation amplitude for extraction of effective mass. c.
Idealized Fermi surface of electron doped KTO. d. Calculated Fermi surface for KTO with single oxygen
vacancy in 2×2×2 supercell.
The effective mass of electron can be extracted by fitting temperature dependent SdH amplitude
with the following formula [2]
∆RSdH(T )
∆RSdH(T0)
=
T sinh(αT0)
T0sinh(αT )
(3)
where α = 2pi2kB/~ωc, ωc = eB/m? is the cyclotron frequency, m? is the effective mass, ~ is the
reduced Planck’s constant and T0 is 2 K. Fitting leads to an effective mass of m?=(0.56±0.02)me
for sample A andm?=(0.48±0.02)me for sample B ( hereme is the bare electron mass) (see Figure
S2b). The value of effective mass is in good agreement with previous literature [3]. Furthermore,
this value of m? yields the Landau level (LL) energy splitting of ~ω c = ~ eB/m? ≈ 0.85meV for
sample A. This energy is equivalent to ∼ 10 K, explaining the absence of oscillations above 10 K
due to the thermal broadening of LL.
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We now proceed to determine the thickness of the electron gas which would involve several
assumptions as discussed below. For this, we first briefly discuss here Fermi surface topology of
electron doped KTO. The Fermi surface of KTO [4] is very similar to SrTiO3 and comprises of
three ellipsoids of revolution centered at Γ point with major axis kF,max along [100] crystallo-
graphic axis and the minor axis kF,min transverse to it. In the presence of magnetic field along
[001] crystallographic axis, electrons traverse around the extremal orbits as shown in the Fig-
ure S2c. The extremal orbits corresponding to the two ellipsoids directed along x and y axis are
ellipses with area equal to pi kF,min kF,max, whereas the extremal orbit corresponding to the ellip-
soid along the z direction is circular with an area pik2F,min. Also from literature it is known that
kF,max/kF,min=1.541 [4, 5], which implies that there are more electrons around elliptical orbit than
those orbiting around circular orbit. From above arguments, we assume that main frequency peak
of SdH oscillation comes from electrons orbiting around the elliptical orbit. Also it is known that,
frequency of SdH oscillation FSdH is given by FSdH=~/2Aexte [6] where Aext is the area of extremal
orbit in the k space and -e is the electrons charge. Since FSdH is known (12.8 T for sample A and 11
T for sample B), one can calculate product of kF,max and kF,min from here. From above analysis
one can now calculate kF,max and kF,min individually and carrier density can be determined. For
this, we note that the total volume occupied by three ellipsoid is Vk = 3× (4pi/3)k2F,minkF,max
from which the carrier concentration nv can be calculated as nv=(k2F,minkF,max)/pi2. Now defin-
ing the sheet carrier density ns as product of carrier density nv and the thickness of conducting
region t one can write ns=nv × t. From Hall measurement ns is known (see section E) which
results in a thickness of about 35 microns and 43 microns for sample A and B respectively. Since
this thickness is much larger than Fermi wavelength, our system is 3 dimensional in nature. Vary
similar analysis for STO determines the metallic region to be several hundred microns [6].
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C. Magnetoresistance (MR) from 2 K to 300 K:
Figure S3 shows the systematic evolution of MR from 2 K to 300 K for the sample A and
B. As discussed in the main text and section B of this Supporting Information, MR shows SdH
oscillations below 10 K forB > 5 Tesla. Similar to sample A, weak antilocalization is also present
in sample B which vanishes above ∼ 50 K. Above 50 K, MR is almost linear at high field and has
also small B2 contribution.
FIG. S3. a. MR for sample A. b. MR for sample B.
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D. Two band model fitting of Rxy:
FIG. S4. For visual clarity, whole Rxy along with fitting with two band model has been plotted in three
panels from 0 T to 13 T. a. b. c. Fitting of Rxy with two band model at 10 K. d. e. f. Fitting of Rxy with
two band model at 75 K.
Non linear Hall effect has been very often associated with two band transport. To check for
this, antisymmetrized Rxy was fitted with two band model [7]
Rxy = −1
e
(
n1µ21
1+µ21B
2 +
n2µ22
1+µ22B
2 )B
( n1µ1
1+µ21B
2 +
n2µ2
1+µ22B
2 )2 + (
n1µ21
1+µ21B
2 +
n2µ22
1+µ22B
2 )2B2
(4)
assuming electrons in both the bands, with the constraint
R−1S (B = 0) = e(n1µ1 + n2µ2). (5)
Here e is the magnitude of charge of electron, n1 & n2 are the sheet carrier density corresponding
to band 1 and band 2 respectively, µ1 & µ2 are the mobility corresponding to band 1 and band
2 respectively and RS is the sheet resistance. Figure S4 shows fitting of antisymmetrized Rxy at
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two representative temperatures 10 K and 75 K for sample A. We would like to emphasize that
two band model does not fit our data in the field range where there is non linearity in Rxy. For
example, at 10 K, two band model does not fit upto ∼ 4 T (at 10 K, Rxy is non-linear upto 5 T
and becomes linear at high field as evident from dRxy
dB
(see Figure 2b of main text)) and at 75 K it
does not fit in the whole field range from 0 T to 13 T ( at 75 K non-linearity is present in whole
field range as evident from dRxy
dB
(see Figure 2b of main text)). This strongly suggests that, two
band model is unable to capture non-linear Hall effect in present case.
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E. Extraction of sheet carrier density and mobility:
Figure S5a shows the derivative of antisymmetrizedRxy for sample A. As clearly evident, from
2 K to 50 K, derivative becomes field independent above 10 T and all the data merge together at
highest field. This observation demonstrates that the transport is effectively one band as the dRxy
dB
would be a function of B for two band model. Similar trend has been also observed for the
sample B (Figure S5b). One band model results a temperature independent (upto 50 K) sheet
carrier density ns ∼ 1.8 × 1015 cm−2 for sample A and ∼ 1.0 × 1015 cm−2 for sample B. Low
temperature mobility is around 2400 cm2/V-s for both the samples. ns was calculated by the
formula ns=-1/e(
dRxy
dB
) and the mobilty was calculated by the formula 1/Rs = nseµ. We could not
extract ns and µ above 50 K due to the fact that
dRxy
dB
is strongly field dependent upto 13 Tesla.
FIG. S5. a. Derivative of antisymmetrized Rxy from 2 K to 75 K for sample A. b. Derivative of antisym-
metrized Rxy from 10 K to 75 K for sample B.
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F. Non-linearity in Hall resistance Rxy of sample B:
Figure S6a shows the anti-symmetrized Hall resistance Rxy from 2 K to 300 K. The non-
linearity (similar to sample A) in Rxy in the form of dip is evident from the
dRxy
dB
shown in Figure
S6b. With increase in temperature this non linearity spreads at higher fields and eventually deriva-
tive becomes totally field independent at 300 K. Interestingly, dRxy
dB
at 2 K and 5 K even show
oscillations at high field. Similar oscillation is Bi2Se3 and Bi2Te3 was attributed to the onset of
quantum Hall regime [8, 9].
FIG. S6c shows the Rextraxy (R
AHE
xy +R
THE
xy ) from 10 K to 55 K. High temperature R
extra
xy is char-
acterized by pure AHE similar to sample A. Hump like feature below 40 K clearly shows the
presence of THE. Temperature evolution of THE component for sample B has been plotted in
Figure S9.
FIG. S6. a. Magnetic field dependent anti-symmetrized Hall resistance Rxy measured at different temper-
atures for sample B. b. Derivative of Rxy w.r.t applied magnetic field, all data have been shifted vertically
for visual clarity. c. Rextraxy as a function of magnetic field B at various temperatures from 10 K to 55 K. We
could not do OHE subtraction above 55 K as dRxydB does not become field independent even at high fields.
Also we could not do OHE subtraction below 10 K due to oscillations in dRxydB below 10 K .
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G. Extraction of RAHExy from Rextraxy :
As AHE is proportional to the magnetization of the sample, we have used Brillouin function to
simulate RAHExy . Brilluoin function describes the shape of magnetization of quantum paramagnetic
gas in an external magnetic field and is given by
BJ(x) =
2J + 1
2J
coth(
2J + 1
2J
)− 1
2J
coth(
1
2J
x) (6)
x =
gµBJB
kBT
(7)
where J is total angular momentum quantum number, g is Lange-g factor, µB is Bohr magne-
ton, kB is Boltzman constant, T is temperature and B is applied magnetic field. To simulate RAHExy ,
Rextraxy was first normalized with saturation value of R
extra
xy and then R
AHE
xy was simulated (see Figure
3a of main text.). We have assumed g=2 and J=1/2 (we have used these values of J and g because
Brillouin function provides an excellent fit to our normalized AHE assuming g=2 and J=1/2 (see
section J)). Further, µB was replaced with µeff and was kept as fitting parameter. Similar method
was used to fit AHE for ZnO/MgO [10]. We have also used Langevin function to estimate RAHExy
and the conclusions remian the same (see Figure S7).
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FIG. S7. a. Red curve shows the Rextraxy at 22 K, green curve is the fitting with a Langevin for estimation
of RAHExy , blue curve filled with light sky color shows extracted R
THE
xy obtained by subtracting R
AHE
xy from
Rextraxy . b. Extracted RTHExy as a function of magnetic field B at various temperature from 2 K to 40 K. There
is anomaly in RTHExy at high field at 2 K due to oscillations in R
extra
xy (see Figure 2b of main text). c. Color
map of RTHExy in the B-T plane.
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H. High field beahvior of RTHExy : Figure S8a-b shows the RTHExy at 10 K and 22
K for sample A. As clearly seen, high field THE signature decays as 1
B2
. Similar trend has been
observed in SrRuO3 films and was attributed to fluctuations of the scalar spin chirality in two
dimension [11].
1
𝐵2
1
𝐵2
FIG. S8. a. RTHExy at 10 K along with high field fitting with a+b/B2.b. RTHExy at 10 K along with high field
fitting with a+b/B2.
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I. Temperature evolution of THE for sample B:
Figure S9 shows the extracted RTHExy from 10 K to 40 K for sample B. Brillouin function was
used for the estimation of RAHExy in this case. As evident there is clear signature of THE below
40 K. We could not extract RTHExy below 10 K due to the fact that R
extra
xy itself can not be extracted
below 10 K due to presence of oscillations in Rextraxy (see Figure S6b).
FIG. S9. Extracted RTHExy as a function of magnetic field B at various temperature from 10 K to 40 K.
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J. Comparison of maximum amplitude of THE:
In the Table S1 we have compared the maximum amplitude of topological Hall effect for our
sample with other systems from literature. For calculation of maximum value of THE for our
samples we have used the thickness of 16 nm which is the maximum thickness of the surface
layers contributing to the emergence of the THE.
Material system Maximum THE Reference
(µΩ cm)
MnSi 0.0045 Phys. Rev. Lett. 102, 186602 (2009)
MnP 0.01 Phys. Rev. B 86, 180404 (2012)
SrRuO3/SrTiO3 0.07 Nat. Mater. 18, 1054 (2019)
KTaO3−δ 0.10 This work
MnGe 0.16 Phys. Rev. Lett. 106, 156603 (2011)
SrRuO3/SrIrO3 0.2 Sci. Adv. 2, e1600304 (2016)
Single layer SrRuO3 0.2 Adv. Mater. 31 1807008 (2019)
La0.7Sr0.3Mn0.95Ru0.05O3 0.6 J. Phys. Soc. Jpn. 87, 074704 (2018)
Eu1−xLaxTiO3 6 Sci. Adv. 4, eaar7880 (2018)
TABLE S1. Comparison of maximum amplitude of THE.
29
K. Fitting of RAHExy with Brillouin function:
As discussed earlier, the Brillouin function provides an excellent fit to our normalized AHE
RAHExy /R
AHE
sat at all temperatures assuming g=2 and J=1/2 (this assumption works very well for
systems with defect induced local moment [10]). In Figure S10a we show the fitting of normalized
AHE at four representative temperatures for sample A. In Figure S10b we show the extracted
moment from fitting for both the samples. As evident, extracted moment is greater than 15 µB.
FIG. S10. a. Fitting of normalized Hall resistance RAHExy /RAHEsat with Brillouin function for sample A. b.
Extracted moment from the fitting for both the samples.
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L. Theoretical calculations:
The first-principle density functional theory (DFT) calculations for KTaO3 and KTaO3−δ have
been carried out using the QUANTUM ESPRESSO package [12]. We have employed Perdew,
Burke, Ernzerhof generalized gradient approximation [13] for the exchange corelation functional.
The electron-ion interactions are described via norm-conserving pseudopotentials [14]. In order to
capture the effect of SOC we have used fully relativistic pseudo-potentials for Ta atoms. Through-
out the calculations, the electronic wave functions are expanded in plane waves with energy upto
90 Ry. For the unit cell calculations of pristine KTO, an optimized 8×8×8 k-point grid sampling
of the Brillouin zone is used. The optimized lattice parameter is found to be 4.021 A˚ [15]. The
relaxed lattice parameter is in good agreement with the experimental value (3.989 A˚) [16] . We
have checked that our conclusions do not change upon inclusion of an onsite Coulomb potential
qualitatively. The pristine KTO is insulating in nature and it has a indirect band gap between Γ
and R point. In our calculations we have found the indirect band gap to be 2.05 eV, which is
in good agreement with previous DFT results [17–19]. The defect calculations are performed on
supercells of sizes 2×2×2 and 3×3×3 for which the Brillouin zone is sampled with 4×4×4
and 2× 2× 2 k-points, respectively. We have checked that upon increasing the k-grid sampling
for the 2 × 2 × 2 supercell the conclusions remain unchanged. The atoms in the supercell are
relaxed until the forces are less than 0.07 eV/A˚.
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M. DOS plot of oxygen deficient KTO:
Figure S11 shows the DOS plot of oxygen deficient KTO for a supercell of size 2×2×2 with
a single OV. The defect states have been marked by black arrow. As evident, defect states are
composed mainly of Ta 5d states from the Ta atom neighbouring the oxygen vacancy.
FIG. S11. DOS plot of oxygen deficient KTO for a supercell of size 2×2×2 with a single OV.
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N. Origin of Skew scattering above 35 K:
In absence of Rashba SOC, moments inside an individual BMP becomes collinear along the
field direction. Spin dependent asymmetric scattering of itinerant electrons with these giant mo-
ments gives rise to observed AHE above 35 K.
FIG. S12. Mechanism of skew scattering.
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